Abstract--Solutions containing hydroxy-SiA1 (HSA) oligocations were prepared by two procedures: (1) treatment of a mixture of orthosilicic acid and A1C13 with aqueous NaOH, followed by aging of the product; and (2) preliminary preparation and aging of hydroxy-Al~3 oligocations followed by reaction of the latter with orthosilicic acid. Ion exchange of Na,Ca-montmorillonite with HSA oligocations yielded pillared, crossqinked montmorillonites (designated as HSA-CLM) showing a maximum d(001) value of 19.5 ,~ for air-dried samples, and maximum surface areas of -500 m2/g after outgassing at 250~ -3 tort. Corresponding ion exchange of Li-fluorhectorite yielded HSA fluorhectorites (HSA-CLFH) showing a maximum d(001) value of 19.0/~ and a surface area of 355 mVg. Calculated structural formulae for the HSA-CLM and HSA-CLFH products, based on elemental analysis, showed a gradual increase in the Si/A1 ratio in the intercalated HSA oligocations with increasing Si/A1 ratio in the pillaring solution. Optimum d(001) values and surface areas of HSA-CLM and HSA-CLFH products were obtained using method 2 and applying a ratio of 1.6-2.5 mmole (Si)A1/g smectite.
INTRODUCTION
Earlier work on the synthesis, structure, and properties of cross-linked smectites (CLS), described also as pillared clays, has been reviewed by Pinnavaia (1983) , Shabtai et al. (1984b) , and Tokarz and Shabtai (1985) . Major additional progress in this field has recently been reported by several authors; in particular, the range of pillaring agents and preparative conditions has been considerably enlarged, and efforts to elucidate the structure of CLS materials and improve their properties have been intensified. Pinnavaia et al. (1985b) reported the preparation of large-size hydroxy-Cr oligocations by hydrolysis at 95~ ofa Cr(NO3)3 solution with aqueous Na2CO3, using a base : Cr molar ratio of 1.5-2.5 and a hydrolysis time of 6-36 hr. Cross-linking of Na-montmorillonite with such oligocations yielded a hydroxy-Cr montmorillonite product, [d(001) = 26.8 /~ (25~ 21.0 A (500~ surface area = 433 m2/g], which showed significant catalytic dehydrogenation ac-' Research associate on leave from Chalmers University of Technology, Gothenburg, Sweden.
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tivity. Sterte (1986) prepared a TiO2-pillared montmorillonite which had an unusually high basal spacing of ~ 28 ~, and which was thermally and hydrothermally stable to 700~ The TiO2-CLS material was prepared in two steps, i.e., pillaring with oligomeric Ti-containing cations obtained by partial hydrolysis of TiC14 in aqueous HC1, followed by further in situ hydrolysis of the oligocations and heating to 700~ to produce stable TiO2 cross-links between the smectite layers. Recently, Shabtai and Fijal (1986) reported the synthesis of a novel class ofhydroprocessing catalysts having a CLS structure. Three different types of catalysts were prepared: (1) pillared smectites containing cataaddition to catalytically active oligomeric components, and in some cases also to simpler, exchangeable transition metal cations, the above catalysts contained considerable protonic acidity and showed high activity for hydrocracking of long-chain paraffins and bicyclic naphthenes. Yamanaka et al. (1984) prepared a Fe203-pillared montmorillonite by ion-exchange of the smectire with a solution containing trinuclear acetatohydroxo-Fe(III), i.e., [F%(OCOCH3)7OH] +, cations. The product, after calcining at 500~ showed a d(001) value of 16.7 ,~ and a surface area of 280 m2/g.
Another direction of recent research has been the preparation of SiO2-intercalated smectites. Endo et al. (1980) and Pinnavaia el al. (1983) reported the introduction of silica in montmorillonite and other clays by (1) ion exchange of the swollen smectite with tris(acetylacetonato)silicon cations (Si(acac)3+), followed by hydrolysis of the latter, or (2) in situ reaction of acetylacetone-solvated smectites with SIC14. Calcination of the resulting Si(acac)3--exchanged smectites resulted in carbon-free, SiO2-intercalated smectites showing relatively low surface areas (40-190 m2/g ) and a maximum d(001) value of 12.6 ]k, indicating the presence ofmonolayer siloxane chains between the layers. In an important subsequent development, Lewis et al. (1985) pillared the smectite with polyhedral oligosilsesquioxane compounds, which upon calcination gave rise to two-layer silica structures between the layers. The pillaring agent consisted of one or more compounds having the general formula (ZSiO~.5)o(OSiZ2)m, in which Z is an organic moiety serving as an ionexchange or coordinating group. Typically, 4-(2-trichlorosilylethyl)pyridine or 2-(2-silylethyl)pyridine were subjected to hydrolysis, and the resulting oligosilsesquioxane pillaring agent was intercalated in the smectite at a pH < 6. Calcination at 350~176 yielded pillared products with interlayer spacing, Ad(001), 3 of 6.6--10.2 A and surface areas of 140-400 m2/g. A Ptloaded SiO2-pillared montmorillonite showed moderate catalytic activity for hydroisomerization. In a different approach to silicon incorporation in the pillaring component of CLS systems, Atkins and Ashton (1985) silanized the A1203 pillars of calcined hydroxy-A1 smectites by reacting the latter with tetraethoxysilane. On the other hand, Occelli (1986) reported the use of submicrometer-size A1203-coated silica to produce A1203/SiOz-pillared montmorillonite.
In view of the above studies it was of interest to synthesize well-defined hydroxy-SiA1 (HSA) oligocations for use as pillaring agents. Calcination of CLS materials intercalated with such mixed oligocations should result in the formation of products having stable SIO2-A1203 pillars. Of particular interest as a model were HSA oligocations based on a core of 3 See Pinnavaia et al. (1979) . Al1304(OH)247+ oligocations, which have been structurally well characterized. Such hydroxy-All3 oligocations (Johansson, 1960) , designated as HA, form when a strong base, e.g., NaOH, is added to an aqueous solution of an aluminum salt, e.g., aluminum chloride. The maximal concentration of HA oligocations is obtained at pH ~4.3 (Gunnarsson and Nilsson, 1983) . The percentage of A1 present in this form is also dependent on the total AI concentration, the equilibration time and temperature, and the rate of neutralization (Turner and Ross, 1969; Hodges and Zetazny, 1983) . These authors found that the relative amount of A1 present as HA oligocations is lower in dilute solutions and that the total amount present in this form decreases with time. These same authors demonstrated that the concentration and stability of HA oligocations increases if the rate of neutralization is low. Wada and Wada (1980) showed that Si can be incorporated in the structure of oligomeric hydroxy-Al ions by reacting a mixture of orthosilicic acid, aluminum chloride, and sodium hydroxide. Several possible mechanisms for this reaction were discussed by Luciuk and Huang ( 1974) ; for formation of a HSA oligocation, structurally based on a hydroxy-Al~3 oligocationic intermediate, the predominant pathway indicated by Wada and Wada (1980) was:
(1)
They suggested, however, some contribution of a second reaction (2) as indicated by a slight increase in the acidity of the product mixture during the equilibration period:
Inasmuch as the main reaction (1) proceeded with retention of the oligocationic charge, even if the silanization process affected several OH groups, the HSA oligocation produced could be considered as a suitable species for smectite cross-linking. Thus, intercalation of mixed HSA oligocations in the interlamellar space of the smectite, followed by calcination to yield stabilized SiO2-A1203 pillars, could result in a CLS product of augmented thermal stability and acidity. On the other hand, Holy (1983) showed that surface silanol groups react smoothly with various catalytically active compounds, thereby allowing for introduction of new active functional groups in pillared smectite catalysts, including such needed for shape-selective organic and biochemical reactions at low (<300~ temperature (Shabtai, 1979) .
The present paper reports the synthesis and characterization of CLS materials prepared by controlled cross-linking of montmorillonite and synthetic fluorhectorite with hydroxy-SiAl oligocations prepared by two different methods. The effects of the Si/AI ratio in the pillaring solution and of the pillaring solution/ smectite ratio upon the properties of derived CLS products are also reported.
EXPERIMENTAL

Starting materials
A sample of Na,Ca-montmorillonite from Belle Fourche, South Dakota (commercial designation, Accofloc 350) was obtained from American Colloid Company. Elemental analysis of the < 2-urn fraction gave the following structural formula for this sample: Na024Ko osCa0 ~ 6(Mgo 51Fe0 36 AI 3.16)(Alo. I 8Si7 82)020(0H)4, which corresponded to a formula weight of 744 and a cationexchange capacity (CEC) of 79 meq/100 g.
Li-fluorhectorite was prepared according to the method described by Barrer and Jones (1970) and Shabtai et al. (1984b) .
Although no impurities were found by X-ray powder diffraction (XRD) analysis of the <2-um fraction of the Li-fluorhectorite product, the elemental analysis indicated the possible presence of a minor amount (<2%) of impurities. The unit-cell formula calculated from the elemental analysis was Lioss(Mg5 tsLio85)SisO30F~, close to that reported by BaiTer and Jones (1970) and corresponding to a formula weight of 758 and a CEC of ~ 110 meq/100 g.
Hyclroxy-SiAl oligomeric solution
The preparation of the oligomeric HSA solution, used as pillaring reactant, was carried out by two methods. Method A was essentially the same as that described by Wada and Wada (1980) . Monomeric orthosilicic acid solutions were prepared by diluting a calculated amount of tetraethyl orthosilicate, dissolved in 50 ml of ethanol, with 20 liters ofdeionized water. Solutions having Si(OH)~ concentrations of 2.55 x 10 4, 4.99 x 10 ", and 10.46 x 10 -4 M were prepared. An equal amount of aqueous 0.2 M A1CI3 was then gradually added to each of the Si(OHh solutions, resulting in product solutions having various Si/AI ratios. A reference A1C13 solution containing no Si(OH)4 was also prepared. The AI concentration in all product solutions was constant at 4.8 x l0 -~ M. An aqueous NaOH solution (0.2 M) was then added to these solutions with constant stirring at a rate of about 1 cm3/ rain until a final OH/AI ratio of 2.0 was reached. The resulting solutions were then aged in polyethylene bottles for different periods of time from 2 hr to 30 days. The pH of the solutions was measured both immediately after preparation and after aging. The initial pH values were between 4.7 and 5.0, and were slightly higher in solutions with low Si/A1 ratios. After 10 days of aging, the pH values generally decreased to 4.3-4.5. Relevant Si/AI ratios calculated by Wada and Wada (1980) for HSA oligocations present in solutions prepared by this method are given in Table 1 .
Inasmuch as method A involved handling very large volumes of solutions, the following alternative method (B) was developed and used: A solution containing hydroxy-A1 oligocations, having an OH/A1 ratio of 1.85 was prepared by the method of Lahav et al. (1978) and Shabtai and Lahav (1980) and aged for 18 days. After aging, four separate 50-ml samples were withdrawn and diluted with 0 (no dilution), 100, 200, or 400 ml of deionized water. To these solutions, calculated amounts of tetraethyl orthosilicate, i.e., 0.0, 0.37, 0.74, and 1.49 g, respectively, each dissolved in 50 ml of ethanol, were added with constant stirring over a period of 5 hr, to produce HSA-contalning solutions having Si/AI weight ratios of 0.0, 0.5, 1.0, and 2.0. These solutions were then left to stand for one day before use. Although all solutions, except the reference solution, were saturated with respect to Si(OH)4, no precipitation was observed during the preparation period Si/Al ratio calculated by dividing the amount of Si retained on a cation exchanger by the amount of oligomeric AI in solution (Wada and Wada, 1980) . or as long as 3 days afterwards. Solutions left for longer periods, e.g., 3-5 days, however, became opalescent; some precipitate formed in HSA solutions having higher Si/A1 ratios (e.g., 1.0 and 2.0). For this reason HSA solutions prepared by method B were used as cross-linking reactants within 1-2 days of their preparation.
Cross-linking procedure
Cross-linking was performed using the apparatus and procedure described by Shabtai et al. (1984b) . The clay sample (1.37 g) was dispersed in 560 ml of deionized water by magnetic stirring. From 5.7 to 22.9 liters of solutions containing HSA oligocations prepared by method A were used as pillaring reactants to obtain ratios of 2.0 to 9.0 mmole Al/g of smectite. With solutions prepared by method B, volumes of only 50-450 ml were used to cross-link 1.4-g smectite samples, corresponding to ratios of 1.3-2.5 mmole A1/g of smecrite. After completion of the reaction (usually 5-15 rain), the product was allowed to stand in contact with the solution for 15 hr. The precipitated product was then separated from the solution by centrifugation, washed with deionized water until chloride-free, and air-or freeze-dried.
Analysis of products
Oriented samples of products were analyzed by XRD. Surface areas were measured by nitrogen adsorption at liquid nitrogen temperature. The thermal stability of cross-linked products was examined by determining the basal spacings and surface areas of samples heat-treated at 250~176 for 3 hr, under dry nitrogen. Elemental analyses were obtained by inductively coupled plasma spectrometry (ICPS). Fluorine contents were determined with a specific ion electrode, and SiO2 was separately determined by the molybdenum blue colorimetric method. The analytical methods used have been described in detail elsewhere (Shabtai et aL, 1984b) .
Ammonia adsorption was measured using a model 2000 microbalance (Cahn Instruments, Inc.). About 540 mg of the pillared smectite was first outgassed at 400~ overnight under a flow of nitrogen. The sample was then cooled to 100~ the flow gas was changed to 5.4% ofNH 3 in N2, and the amount of NH3 adsorbed was measured after 2-hr equilibration at this temperature. Using the same gas mixture, NH3 adsorption was then measured after 20-min equilibration, at 25~ temperature increments to 250~
RESULTS AND DISCUSSION
Hydroxy-SiAl cross-linked montmorillonites dHSA-CLM)
Dependence of properties upon Si/Al ratio in the pillaring reactant. HSA-CLM products were prepared according to method A (vide supra) by cross-linking por- tions ofa Na,Ca-montmorillonite dispersion with HSA oligomeric solutions having Si/AI ratios of 0.53, 1.04, and 2.18. A reference sample cross-linked with hydroxy-Al oligocations only (Si/A1 ratio = 0) was also prepared under otherwise the same conditions. The OH/A1 ratio of each HSA solution was adjusted to 2.0, and the aging period was kept at 10 days. The total amount of HSA solution applied in each preparation was such as to contain 7.0 mmole A1/g of montmorillonite.
A second series of HSA-CLM products was prepared according to method B (vide supra) by cross-linking other portions of the above montmorillonite dispersion with HSA oligomeric solutions having Si/A1 ratios of 0.5, 1.0, and 2.0. In these preparations, the OH/A1 ratio of the HSA solutions was adjusted to 1.85, and the amount of HSA solution used in each case was such as to contain 2.5 mmole A1/g of montmorillonite. A reference sample cross-linked with hydroxy-A1 oligocations only (Si/A1 ratio = 0) was prepared also by this method.
The d(001) and surface area values of the above eight products are summarized in Table 2 . The d(001) values of air-dried samples prepared by method A were in the narrow range 19.0-19.5 A and were independent of the Si/A1 ratio in the pillaring solution. On the other hand, the surface areas of the samples after heating under vacuum at 250~ decreased considerably with increase in the Si/AI ratio. Samples prepared by method B showed d(001) values of 17.0-17.7 ~, which were somewhat lower than those of the materials produced by method A; however, the samples had markedly higher surface areas (343-498 mVg) compared with those prepared by method A (278-369 m2/g). The basal spacings of all products were similar to those previously reported for pillared hydroxy-A1 montmorillonites (Tokarz and Shabtai, 1985) and indicate that the dimension of the HSA cross-linking species (before calcination, vide infra) in a direction vertical to the smectite layers is similar to that of hydroxy-Al~3 oligocations. The moderate decrease in surface area of HSA-CLM products with an increase in Si/A1 ratio was probably due to a gradual decrease in the lateral (interpillar) distance and an attendant decrease in interlamellar pore volume and adsorptive surface, resulting from a gradual increase in the extent of space-consuming substitution of-OH groups by bulkier -OSi(OH)3 groups in the pillaring species.
The elemental compositions of the starting Na,Camontmorillonite and of the pillared products given in Table 2 are summarized in Table 3 . The SiO2 content of products derived by method A increased only slightly relative to that of the reference hydroxy-A1 montmorilloni~e (AI-CLM) with an increase in Si/A1 ratio in the pillaring solution. For products prepared by method B, the increase in SiO2 content is somewhat more pronounced. To evaluate more accurately the extent of incorporation of Si into the mixed HSA pillars, the data in Table 3 were analyzed further. Using the structural composition of the starting Na,Ca-mont- 3 Si/A1 ratio in the pillaring oligocations, as calculated from structural formulae. 4 Positive charge per A1 atom in the pillaring oligocations as derived from structural formulae. Na, Ca-montmorillonite used as starting material. 6 Reference solutions containing hydroxy-A1 oligocations only (no Si added). morillonite and assuming constant tetrahedral and octahedral occupancy of Si and A1, respectively, the structural formulae of the two reference hydroxy-A1 montmorillonite products (Table 3 , footnote 4; and Table 4 ) can be calculated. By further assuming, on a charge basis, a constant occupancy of Mg and Fe in the octahedral layer, the approximate structural formulae of the HSA-pillared montmorillonites were calculated, as summarized in Table 4 . The calculated Si/ A1 ratio in the interlayer HSA oligocations increased with increasing Si/A1 ratio in the pillaring HSA solutions used in the cross-linking procedure A or B. That this relationship is not clearly discerned in Table 3 , in which the elemental composition of the total pillared products is given on a weight basis, is probably due to the decrease in the charge per AI atom in the HSA oligocations with increase in the Si/AI ratio (Table 4) . Such a charge reduction may have been due to a small contribution of reaction (2), leading to formation of HSA oligocations, e.g., [Al~304(OH)24(HzO),I]6+-O -Si(OH)3 (see Introduction). The decrease in charge per A1 atom should have resulted in the interlamellar incorporation of a somewhat larger amount of A1 (in the form of HSA oligocations) than that anticipated from incorporation of HSA oligocations formed by reaction (1) only, thus affecting to some extent the total Si/AI ratio in the pillared product. Although the calculated structural formulae of HSA-CLM products (Table 4) are based on several assumptions and are, consequently, only approximate, they provide more explicit information on the intercalation of HSA cations in the pillared products than is indicated by elemental analysis of the latter on a weight basis (Table 3) . It is also noteworthy that the Si/A1 ratios for pillared samples prepared by method A (Table 4) are fairly close to those estimated previously by Wada and Wada (1980) for HSA oligocations in the corresponding pillaring solutions (Table 1) . Further, for approximately equal Si/ A1 ratios in the pillaring solutions, method B yielded products having higher Si/A1 ratios in the pillaring HSA oligocations, as compared with those obtained by method A.
Dependence of properties upon pillaring reactant/smecrite ratio and HSA aging time. HSA-CLM products
were also prepared by cross-linking equal portions of a Na,Ca-montmorillonite dispersion with different amounts of the pillaring HSA solution, prepared by method A. The amounts of the HSA solution were changed within the range corresponding to 2-8 mmole A1/g of smectite. In all preparations the Si/A1 and OH/ A1 ratios in the HSA solution were kept constant at 0.53 and 2.0, respectively, and the solution was aged for 10 days at 25~
Other HSA-CLM products were synthesized by crosslinking equal portions of the smectite dispersion with different amounts ofa HSA solution prepared by method B. The amounts of the pillaring HSA solution were changed to correspond to HSA/smectite ratios in the pillaring step of 1.3, 1.6, 2.0, and 2.5 mmole A1/g of smectite. In these preparations the Si/AI and OH/A1 ratios were kept constant at 0.50 and 1.85, respectively, and the aging time was 10 days at 25~
The d(001) values and surface areas of the HSA-CLM products are summarized in Table 5 . The d(001) values of products prepared by method A increased gradually with an increase of the HSA/smectite ratio from 2.0 to 8.0 mmole Al/g smectite. The surface areas of the same products increased in a more pronounced fashion, i.e., from 85 mVg for a ratio of 2.0 to 431 m2/g for a ratio of 8.0. For HSA-CLM products prepared by method B optimal properties, e.g., d(001) = 18.1 /~ and surface area = 496 mZ/g, were obtained by using a HSA/smectite ratio of about 2 mmole A1/g of smectite, which is much lower than the ratios of 7-8 mmole A1/g smectite needed for optimizing the properties of products prepared by method A. These results indicate that method B, which involves initial prepa- Two different methods (A and B) were used in the preparation of the oligomeric HSA solutions (see Experimental).
2 Basal spacing delermined on oriented samples dried at 25~
3 Surface area measured after outgassing overnight at 250~ ration and aging of hydroxy-A1 oligocations followed by silanization (silicalization) of the latter, is preferable compared with method A in which the oligomerization and silicalization reactions are performed simultaneously, using very large volumes of aqueous solutions. The HSA/smectite ratio corresponding to about 2 mmole A1/g of smectite is close to the ratio needed for stoichiometric ion exchange of the Na,Ca-montmorillonite with hydroxy-SiA1 oligocations. Tokarz and Shabtai (1985) found a similar ratio of 2.0-2.25 mmole A1/g of smectite to be optimal also for preparation of hydroxy-A1 montmorillonites. The effect of aging the HSA solution, prepared by method A, upon product properties was examined by comparing the basal spacing and surface area of a series of HSA-CLM samples obtained by pillaring of Na,Camontmorillonite with HSA solutions aged from 2 hr to 30 days (Table 6 ). In all preparations the amount of liSA solution used as pillaring reactant corresponded to the use of 7.0 mmole A1/g smectite. Both the d(001) and surface area values increased with increasing aging time to about 10 days. The properties did not change significantly at longer aging times.
In view of the advantages of method B for preparation of the HSA pillaring solution (vide supra), this method was further optimized for time-saving preparation of HSA-CLM products. The initial step of preparing a solution containing hydroxy-A1 oligocations was performed by aging at 95~176 for 6-8 hr (Tokarz and Shabtai, 1985) . The fast-aged hydroxy-A1 solution was then reacted with orthosilicic acid according to method B (see Experimental) to yield a HSA oligomeric solution (Si/A1 ratio = 1.0), which was used as a pillaring agent without further aging. HSA-CLM products prepared by this procedure, using 1.6 to 2.0 Solutions aged in polyethylene bottles at 25~ 2 Prepared by method A; Si/A1 ratio = 0.53; OH/A1 ratio = 2.0.
3 Measured on oriented samples, air-dried at 25~ 4 Determined after outgassing the HSA-CLM sample overnight at 250~ / mmole A1/g of smectite in the pillaring step, showed basal spacings of 18.2-18.7 A and a very high surface area (480-505 m2/g), after outgassing at 250~ Shabtai et al. (1984b) showed pillared hydroxy-A1 fluorhectorites to have high thermal stability. Therefore, cross-linked hydroxy-SiA1 fluorhectorites, designated as HSA-CLFH, were prepared (method A) by reacting separate portions of a Li-fluorhectorite dispersion with HSA solutions having Si/A1 weight ratios of 0.53, 1.04. and 2.18. In all preparations the OH/AI ratio in the HSA solutions was 2.0 and the aging period was 10 days. The amount of liSA solution used in each preparation was such as to contain 7.0 mmole Al/g fluorhectorite. The resulting HSA-CLFH products showed d (001) 
Hydroxy-SiAl cross-linked fluorhectorites (HSA-CLFH)
Thermal stability and acidity of HSA -CLM and HSA-CLFH products
The thermal stabilities of HSA-CLM and HSA-CLFH products, obtained by cross-linking corresponding smectites with HSA solutions that had been prepared by method A, were determined by measuring the basal spacings and surface areas of the products after heat treatment between 250 ~ and 600~ (Table 7) . The d(001) values for HSA-CLM products after heat treatment in this temperature range were between 17.1 and 18.3 A, similar to those of the reference AI-CLM sample (with no Si added). The d(001) values for the HSA-CLFH products, however, were clearly higher than those of the reference A1-CLFH sample (with no Si added) heated to the same temperatures. Moreover, the HSA-CLFH products showed an unexpected increase in d(001) with increase in heat-treatment temperature from 400 ~ to 500~ and only a negligible decrease between 500 ~ to 600~ This behavior is particularly noticeable for HSA-CLFH having high Si/A1 ratios (1.04-2.18) in the pil- Products obtained by cross-linking the smectites with hydroxy-SiAl (HSA) solutions prepared by method A. All HSA solutions contained 7.0 mmole A1/g smectite.
:z Numbers in parentheses indicate Si/A1 ratio in the HSA solution used as cross-linking reactant.
3 Reference sample of pillared hydroxy-A1 montmorillonite (no Si added) prepared under identical conditions (footnote 1), 4 Reference sample of pillared hydroxy-Al fluorhectorite (no Si added) prepared under identical conditions (footnote 1).
5 All samples were heated in a tube reactor for 3 hr at indicated temperature under a flow of dry nitrogen, prior to the d(001) measurement. Two samples each of HSA-CLM and HSA-CLFH were also synthesized by cross-linking Na,Ca-montmorillonite and Li-fluorhectorite, respectively, with HSA solutions (Si/AI ratios of 1.0 or 2.0) prepared according to method B (see Experimental and Table  2 ). Heat treatment of these pillared products at 600 ~ 650~ resulted in large, contraction-resistant basal spacings of 18.0-18.7 A for the HSA-CLM and 18.9-19.7 A for the HSA-CLFH products.
The changes in surface areas of the HSA-CLM and HSA-CLFH products (derived by method A, Table 7 ) as a function of heating temperature and Si/A1 ratio in the pillaring solution, are summarized in Figures 1 and  2 . The surface area of HSA-CLM products gradually decreased with increase in heating temperature from 250 ~ to 700~ The decrease was relatively fast for a Si/A1 ratio of 0.53 but slower for a Si/A1 ratio of 1.04 or 2.18 in the pillaring HSA solution. The behavior of HSA-CLFH products was quite different in that the surface area of such products (in particular those prepared with a Si/AI ratio = 1.04 or 2.18 in the pillaring HSA solution) remained essentially constant at heating temperatures of 250~176
All samples showed a decrease in surface area at 700~
The thermal stability of CLS products probably depends on the structure and properties of both the smectite component and the pillaring agent. Dehydration and differential thermal analysis (DTA) studies of nor- mal montmorillonites (i.e., montmorillonite containing small amounts of Fe and Mg in the octahedral layer), including a montmorillonite from Belle Fourche, South Dakota, indicate rapid dehydroxylation, i.e., loss of structural OH groups, beginning at about 500~ and ending at 700-800~ (Grim, 1968) . The dehydroxylation of such dioctahedral smectites below 800~ however, was accompanied by only minor changes in the framework of the layer, inasmuch as the structure was mostly destroyed above 900~ For hectofite, a trioctahedral smectite having some OH-groups replaced by fluoride, dehydroxylation began only at -700~ and was not complete even at 930~ In synthetic fluorhectorite all structural OH is replaced by fluoride; hence, dehydroxylation should not occur. Further, Grim (1968) hedral smectites, e.g., montmorillonite, form a stable anhydride persisting at temperatures as high as ~ 900~ trioctahedral smectites, e.g., hectorite, do not form such an anhydride 9 Apparently, no detailed studies of hightemperature (>700~ structure changes in hectorite or fluorhectorite have been reported. For heat treatment at -< 600~ however, the observed higher thermal stability of HSA-CLFH than that of corresponding HSA-CLM products, as evidenced by the more constant d(001) values and surface areas of the former at _<600~ (Table 7 ; Figures 1 and 2 ) could have been due largely to the higher resistance to dehydroxylation of the fluorhectorite component as compared with that of the montmorillonite component in the corresponding pillared systems. This result is consistent with the previously observed higher thermal stability of hydroxy-A1 pillared fluorhectorites compared with that of corresponding pillared montmorillonites (Shabtai et al., 1984b) . Further, the markedly higher values of the basal spacings for HSA-CLFH products at 500~176 as compared with those of the reference hydroxy-A1 fluorhectorite (Table 7) suggest that the incorporation of Si into the oligocationic pillars increased the thermal stability of the pillared products. This interpretation is supported by the higher d(001) values and better constancy of the surface areas of HSA-CLFH products prepared with pillaring solutions having Si/AI ratios of 1.04-2.18, compared with those having a lower Si/ A1 ratio of 0.53 (Table 7 ; Figure 2) .
The total acidities of the HSA-CLM and HSA-CLFH products listed in Table 7 were determined as a function of temperature and Si/AI ratio in the pillaring solution, using NH 3 adsorption (see Experimental). Results obtained for the HSA-CLM products and the reference A1-CLM sample are given in Figure 3 ; corresponding data obtained for the HSA-CLFH products and the reference A1-CLFH sample are summarized in Figure 4 . As seen in Figure 3 , the total acidity of the HSA-CLM samples, as reflected by the NH3 adsorption level, was considerably higher than that of the reference A1-CLM sample. Among HSA-CLM products the acidity increased with increase in the Si/AI ratio in the HSA pillaring reactant, i.e., in the pillaring oligocations. Further, the data in Figure 3 indicate that the ratio of the total NH 3 adsorption, i.e., the total acidity of each HSA-CLM sample vs. that of the A1-CLM sample (Si/A1 = 0) increased with increase in temperature, indicating that HSA-CLM products have a higher concentration of strong acid sites as compared with the reference A1-CLM sample which was obtained by pillaring with Si-free, hydroxy-A1 oligocations. Similar trends are seen in Figure 4 , except that the differences in total acidities for HSA-CLFH vs. the reference A1-CLFH product are even larger compared with those for the corresponding pillared montmorillonites (Figure 3) . The increase in the acidity of HSA-pillared products with increase in the Si/A1 ratio of the pillaring solution indicates the presence of acidic silanol groups in the hydroxy-SiA1 cross-links. By analogy with the surface chemistry ofH*-forms ofzeolites (Ward, 1976) , silanol groups possessing protonic acidity were probably present at the surface of the hydroxy-SiAl pillars (see below). Dehydroxylation of the pillars at high temperature should have converted a major part of such groups into Lewis acid groups, in accordance with previously proposed schemes (Ward, 1976 ), as follows:
Both Bronsted and Lewis acidity in pillared clays were previously reported by Shabtai et al. (1984a) and Occelli (1986) .
Structural features of liSA-pillared smectites
Earlier schematic models of cross-linked smectites (Shabtai, 1979; Vaughan and Lussier, 1980; Pinnavaia, 1983; Shabtai et al., 1984a) did not provide exact information on the structure of the pillaring species, nor did they indicate clearly the mode of chemical interaction between the smectite layers and the pillaring component or the dependence of this interaction upon heat treatment. Recent solid-state 29Si and ~7A1 magic angle spinning-nuclear magnetic resonance (MAS-NMR) studies, however, have provided data relevant to the structure of CLS products. Plee et al. (1985) , for example, interpreted 29Si and 27A1 MAS-NMR spectra of hydroxy-A1 hectorite, Laponite (a synthetic hectorite), and beidellite before and after mild calcination (300~176 as follows: (1) Pillaring of all clays involved intercalation of the [AI~304(OH)24(H20),2] 7+ species, previously identified by Bottero et al. (1980) as the main oligocation present in base-hydrolyzed A1C13 solutions having an OH/AI ratio between 1.5 and 2.5. In the non-calcined pillared products only electrostatic bonding exists between the negatively charged layers and the pillaring oligocations. (2) Mild calcination (300~176 of pillared smectites containing no tetrahedral substitution, e.g., hectorite and Laponite, caused no structural changes in the clay tetrahedral layer or in the hydroxy-A1 oligocation. (3) Mild calcination of pillared beidellite, a clay characterized by a tetrahedral seat of charge, produced stable covalent bonds between the clay layers and the Al13 pillars and major structural changes both in the clay layers and in the hydroxy-Al~3 oligocations. According to Plee et al. ( 1985) , heat-induced formation o f new A1-O-AI bonds was achieved between some inverted AI tetrahedra in the clay tetrahedral layer (see Edelman and Favejee, 1940) and aluminol groups in the hydroxy-Al oligocation. The subsequent 27A1 and 298i MAS-NMR study by Pinnavaia et al. (1985a) showed that the reactivity of the smectite tetrahedral layer, as reflected in its tendency to form stable covalent bonds with the hydroxy-AI oligocations, did not depend on the origin and location of the negative charges alone, but also on the smectite composition. Thus, pillaring of octahedrally charged synthetic fluorhectorite, followed by mild calcination (350~ resulted in the formation of stable A1-O-Si linkages between AI sites in the hydroxy-A113 oligocations and SiO4 tetrahedra in the smectite tetrahedral layer. No such bonding was found for pillared montmorillonite or hectorite, and Pinnavaia et al. (1985a) ascribed the higher reactivity of the fluorhectorite to the presence of F atoms, which labilize the Si-O bonds in the tetrahedral layer and promote coupling with the intercalated oligocations. In the present study, the observed extraordinarily high thermal stability of HSA-pillared fluorhectorites (as high as 600~ see Table 7 and Figure 4) indicates the formation of strong covalent bonds between the HSA oligocations and the tetrahedral layer of fluorhectorite, in agreement with the findings of Pinnavaia
